Bcl2-associated athanogene 3 (BAG3) protein is a co-chaperone of heat-shock protein (Hsp) 70 and may regulate major physiological and pathophysiological processes. However, few reports have examined the role of BAG3 in human hepatocellular carcinoma (HCC). In this study, we show that BAG3 regulates epithelial-mesenchymal transition (EMT) and angiogenesis in HCC. BAG3 was overexpressed in HCC tissues and cell lines. BAG3 knockdown resulted in reduction in migration and invasion of HCC cells, which was linked to reversion of EMT by increasing E-cadherin expression and decreasing N-cadherin, vimentin and slug expression, as well as suppressing matrix metalloproteinase 2 (MMP-2) expression. In a xenograft tumorigenicity model, BAG3 knockdown effectively inhibited tumor growth and metastasis through reduction in CD34 and VEGF expression and reversal of the EMT pathway. In conclusion, BAG3 is associated with the invasiveness and angiogenesis in HCC, and the BAG3 gene may be a novel therapeutic approach against HCC.
Bcl2-associated athanogene 3 (BAG3) protein is one of six BAG family proteins, all of which contain a conserved domain that interacts with the heat-shock protein (Hsp) 70. [1] [2] [3] BAG3 is expressed in many primary tumors or tumor cell lines, such as leukemia, thyroid, neuroblastoma, prostate carcinomas, pancreas, ovarian cancer, and glioblastoma. [4] [5] [6] [7] [8] [9] [10] It has been reported that BAG3 may regulate diverse biological processes, including apoptosis, development, cytoskeleton organization, and autophagy. 11 Some studies have shown that BAG3 upregulation results in inhibition of drug-induced or serum-deprivation apoptosis, and BAG3 downregulation in glioblastoma results in reduction in tumor growth. 5, 10 Furthermore, it has been reported that BAG3 controls angiogenesis in endothelial cells and tumor cells through ERK phosphorylation, and thereby contributes to tumor growth in vivo. 12 BAG3 was also reported to interact with matrix metalloproteinase 2 (MMP-2) and to induce epithelial-mesenchymal transition (EMT), thus regulating the process of tumor migration and invasion. 9, 13 However, little is known about the role of BAG3 in hepatocellular carcinoma (HCC). HCC, a highly vascular and invasive tumor, is the third leading cause of cancer death worldwide, and the second in China. 14, 15 Because existing therapies are insufficient for tumor eradication and the high frequency of tumor recurrence, the prognosis for HCC patients remains pessimistic. It is therefore important to determine the molecular mechanisms of angiogenesis and metastasis in HCC, and to establish the identity of new therapeutic targets for that will ultimately improve the prognosis for HCC patients.
In this report, we used HCC cell lines to investigate the expression of BAG3 and to assess the biological function of the BAG3 protein, with a focus on angiogenesis and metastasis. Our results suggest that BAG3 is highly expressed in many HCC cell lines, and that reduction in BAG3 expression suppresses HCC cell migration and invasion in vitro, and growth and angiogenesis in vivo.
of Medicine, Zhejiang, China) between 2005 and 2010 were collected for this study. Letters of consent were obtained from all patients, and the experimental protocols were approved by the local ethics committee. Patient charts were reviewed to obtain clinical data about age, gender, tumor size, AFP, HBsAg, Portal vein-emboli and metastasis, TNM stage (AJCC), and tumor differentiation.
Cell Culture
Six human HCC cell lines (HepG2, Hep3B, Huh-7, Bel-7402, SK-Hep-1, SMMC-7721, and MHCC-LM3) and one immortalized liver cell line (L-02) were purchased from Cell Bank of Type Culture Collection of Chinese Academy of Sciences, Shanghai Institute of Cell Biology, Chinese Academy of Sciences and were cultivated as described by the suppliers. HepG2, Hep3B, Huh-7, SK-Hep-1, and MHCCLM3were were cultured in Dulbecco's modified Eagle medium (DMEM; Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum. Bel-7402, SMMC-7721, and L-02 were cultured in 1640 complete medium supplemented with 10% fetal bovine serum. 
Antibodies

Transfections of Lentiviral Vectors with BAG3 siRNA
To study the function of BAG3, a BAG3 siRNA lentiviral vector (lenti-siRNA/BAG3) was constructed (Shanghai GeneChem Co., Ltd., Shanghai, China). A GFP-lentiviral vector (Scr-siRNA/GFP) was used as a negative control. Double-stranded oligonucleotides encoding human BAG3 siRNA (NM_004281, 5 0 -TGAACAGAAAGCCATTGAT-3 0 ) were inserted into the siRNA expression vector Scr-siRNA/ GFP (Shanghai GeneChem Co., Ltd.). All lentiviral vectors expressed GFP, which allowed us to measure the infection efficiency. Then, 5 Â 10 5 LM3 and SMMC-7721 cells were plated into 24-well plates and incubated for 24 h. The lentiviruses were transected according to the manufacturer's instructions. For stable cell lines, transfected cells were selected using 3 mg/ml of puromycin. 
Western Blotting
After incubation, cells were lysed and sonicated. Soluble proteins were collected and stored at À 80 1C after a centrifugation at 12 000 g for 15 min. Protein concentration was determined by the Bradford assay (Bio-Rad). After denaturation, the proteins were separated by gel electrophoresis using 10% SDS-PAGE, and then transferred onto PVDF membrane for 2 h, followed by blocking in 5% skim milk. The membrane was washed once with TBST, then incubated for overnight at 4 1C with relevant antibodies (1:1000). The membrane was again washed three times with TBST, then incubated with secondary antibody (Goat Anti-Rabbit IgG 1:2000) for 2 h at room temperature. The membrane was washed third time with TBST and then ECL liquid was added and placed in a darkroom for the reaction to proceed. b-Actin and GAPDH (1:1000) were used as positive controls.
Cell Proliferation Assay
Cell proliferation was determined by the cell counting assay-8 (CCK-8) cell viability assay (Dojindo Laboratories, Kumamoto, Japan). Cell was seeded into 96-well plates at a density of 5 Â 10 3 cells per well. After incubation for 48 h, the supernatant was changed with 100 ml medium and 10 ml CCK-8 was added and cells were incubated for 1 h. The OD values were quantified by Versamax microplate reader at 450 nm.
Cell Migration and Invasion Assays
For the transwell migration assays, 5 Â 10 4 LM3 cells or 5 Â 10 4 SMMC-7721 cells which had been permanently transfected in serum-free medium were placed on the upper chamber with a non-coated membrane (24-well insert; 8-mm pore size; Millipore, Billerica, MA, USA). For invasion assays, 5 Â 10 4 LM3 cells or 5 Â 10 5 SMMC-7721 cells in serum-free medium were placed in the upper chamber with a Matrigelcoated membrane. In both assays, culture medium containing 10% FBS was added in the lower chamber. The cells were incubated for 24 h (migration assay) and 48 h (invasion assay). Cells on the lower membrane were fixed with 100% methanol, stained with 0.2% crystal violet and counted.
Colony-Forming Assay
Log-phase cells (600 cells/well) were seeded onto six-well plates with 2 ml of 10% FBS medium and incubated at 37 1C in a humidified incubator. Ten to twelve days after plating, the colonies were fixed with 100% methanol, stained with 0.2% crystal violet and counted.
Tumor Xenograft Experiments
All experimental procedures were performed in accordance with the National Institutes of Health guide for the care and use of laboratory animals. In all, 1 Â 10 7 cells were resuspended in 100 ml PBS, and injected subcutaneously into the lateral flanks of immunodeficient mice. Tumor volumes were measured weakly, with calculation using the equation: V (cm 3 ) ¼ width 2 (cm 2 ) Â length (cm)/2. After 4 weeks, tumors were harvested for immunostaining after tumor implantation.
Statistical Analysis SPSS17.0 software was used for statistical analysis. The experimental data were expressed as mean±s.d., and assessed by a two-tailed Student's T test. The chi-square test or Fisher's exact test was used to evaluate any potential association between the BAG3 expression and the clinicopathologic parameters. Statistical significance was accepted if Po0.05.
RESULTS
BAG3 Is Highly Expressed in HCC and HCC Cell Lines
To analyze the expression of BAG3 in HCC, 65 patients' tumor tissues and tissues adjacent to the cancer were examined by RT-PCR. As seen in Figure 1a , the level of BAG3 mRNA was significantly higher in HCC than in adjacent tissues (P ¼ 0.017). To verify this result, we analyzed EMT markers by western blotting, re-blotting the other 12 pairs of samples. Nine samples of the tumor tissue showed overexpression of BAG3 compared with adjacent tissue, and the mesenchymal marker slug showed changes similar to those found for BAG3. However, epithelial markers (such as E-cadherin) and mesenchymal markers (such as N-cadherin and vimentin) did not show such a correlation (Figure 1b) . We then analyzed the relationship between BAG3 expression and clinicopathologic features of the tumors. Because seven patients had no detailed clinical data, we were only able to analyze 58 patients' clinical data. Intriguingly, we found that BAG3 expression levels were significantly higher in HCC with portal vein-emboli and metastasis (P ¼ 0.007; Table 1 ). Thus, BAG3 expression appears to be a valuable predictive factor for tumor metastasis and HCC aggressiveness. Examination of BAG3 protein expression in six HCC cell lines (SMMC-7721, HepG2, SK-hep-1, Bel-7402, Huh7, and MHCC-LM3) and one immortalized liver cell line (L-02) showed that BAG3 was expressed in all of these cell lines. At least five of these HCC lines (SMMC-7721, HepG2, SK-hep-1, Huh7, and MHCC-LM3) showed increased protein expression compared with the immortalized liver cell line (L-02) (Figure 1c) . For subsequent experiments, low-invasion and high-invasion HCC cell lines (SMMC-7721 and MHCC-LM3) were selected due to their invasion and BAG3 expression characteristics.
Establishment of BAG3 Knockdown HCC Cell Lines
To study the mechanism of BAG3 in HCC, we established BAG3 knockdown cell lines. For stable knockdown of BAG3, SMMC-7721 and MHCC-LM3 cells were transfected with a GFP-lentiviral vector (Scr-siRNA/GFP) which was also used as a negative control, and BAG3 siRNA. Stable cell lines were selected using puromycin. In stable cell lines, BAG3 mRNA level was measured by quantitative RT-PCR. Compared with the control group, BAG3 transcripts were significantly reduced in BAG3-siRNA-transfected cells (P ¼ 0.002, P ¼ 0.004) (Figures 2a and b) . Accordingly, the BAG3 protein levels were markedly decreased in BAG3-siRNA-transfected cells as shown by western blotting (Figure 2c ). These results demonstrate that BAG3-siRNA transfection leads to the reduction in BAG3 expression. 
Knockdown of BAG3 Inhibits Migration and Invasion of HCC Cell Lines
A transwell assay was used to study whether knockdown of BAG3 would impact migration and invasion of HCC cell lines. The BAG3-siRNA-transfected cells showed significantly decreased motility compared with the controls (Figure 4a ). Because tumor cell migration is a key factor which results in cancer invasion, an invasion assay was also performed following BAG3 knockdown. The BAG3-siRNA-transfected cells showed a significant decrease in invasiveness compared with the controls (Po0.001) (Figure 4a ). Because the cell invasion assay chamber was incubated for 48 h, cell growth might impact the cell invasion rate. A CCK8 assay was used to determine whether knockdown of BAG3 could affect the proliferation of HCC cell lines. There was no significant proliferation noted at 48 h (Figure 4b ). MMP-mediated extracellular matrix (ECM) degradation is a crucial step in cell invasion. Western blotting was therefore performed to find out whether knockdown of BAG3 could affect MMP expression. The reduction in BAG3 expression led to a decrease in MMP-2 protein expression, but the MMP-9 protein level remained unchanged (Figure 4c ).
BAG3 Knockdown Reduces EMT in HCC Cell Lines
EMT is a crucial step in cellular invasion and metastasis. To investigate whether knockdown of BAG3 expression changes the expression of EMT molecules in HCC cells, we used quantitative RT-PCR and western blotting to analyze EMT markers. BAG3-siRNA-transfected cells exhibited upregulation of mRNA for epithelial marker E-cadherin, and downregulation of mRNA for the mesenchymal markers N-cadherin and slug, compared with the controls (Po0.001) (Figure 5a ). Consistent with mRNA expression, western blot analysis and immunofluorescence analysis showed that BAG3 knockdown induced higher E-cadherin protein expression, and lower N-cadherin and slug protein expression (Figures 5b and c) . Although vimentin mRNA showed no significant change in BAG3-siRNA-transfected SMMC-7721 cells and vimentin mRNA expression was increased in BAG3-siRNA-transfected MHCC-LM3 cells (Figure 5a ), vimentin protein expression was significantly decreased in both of the BAG3-siRNA-transfected cells (Figures 5b and c) .
BAG3 Knockdown Inhibits HCC Cells Colony Formation
In Vitro and Tumorigenicity of Transfected Cancer Cell Lines In Vivo BAG3-siRNA-transfected cells showed significantly fewer colonies than the control groups (Figure 6a ). We further investigated the effect of BAG3 on HCC growth in nude mice. BAG3-siRNA-transfected SMMC-7721 cells and negative BAG3 function in human hepatocellular carcinoma H Xiao et al control cells were injected subcutaneously into nude mice (five animals per group). All mice were killed and the tumors were dissected at end of the experiment. Compared with the controls, BAG3 knockdown resulted in a significant decrease in tumor size and weight (Po0.001) (Figure 6b ). The tumors were stained with CD34, VEGF, MMP-2, E-cadherin, and vimentin. The immunoreactivity and expression of CD34, VEGF, MMP-2, and vimentin were decreased in BAG3 knockdown-injected tumors as compared with negative control mice, and the expression of E-cadherin was increased. Consistent with immunohistochemistry results, western blot analysis showed the same phenomenon (Figures 6c and d) .
HIF-1a and ERK Phosphorylation Are Essential for BAG3-Mediated VEGF and MMP-2 Expression and BAG3 can Regulate Autophagy through LC3A/B and Atg5 Expression HIF-1a has a significant role in regulating angiogenesis under hypoxic conditions, through regulation of target genes including VEGF and MMPs. 16, 17 Thus, we analyzed HIF-1a expression by western blotting. We found that HIF-1a was (Figure 7) . Furthermore, it has been reported that BAG3 controls angiogenesis of endothelial cells and tumor cells through the ERK phosphorylation, 12 so we examined the expression levels of ERK and p-ERK. We found that ERK phosphorylation was higher after BAG3 knockdown than the control group ( Figure 7) . Recent reports point to a role for BAG3 in controlling autophagy-related genes which could, in turn, regulate angiogenensis. 18, 19 We analyzed autophagy markers (LC3A/B and Atg5) by western blotting. We found that Atg5 was significantly decreased after BAG3 knockdown, and that LC3A/B was decreased in the MHCC-LM3 cell line ( Figure 7 ).
DISCUSSION
BAG3 has been studied in many primary tumors and tumor cell lines. [4] [5] [6] [7] [8] [9] [10] However, there are few reports on the relationship between BAG3 function and HCC. The findings of this study are, first, that tumor tissue and cell line studies demonstrate that BAG3 is highly expressed in tumor tissues, compared with the adjacent tissues, as well as in HCC cell lines. Second, BAG3 regulates the invasion and EMT of HCC cell lines through regulating MMP-2, E-cadherin, slug, and vimentin expression. Third, the possible molecular mechanisms of BAG3 in angiogenesis are through the HIF1a signaling pathway and ERK phosphorylation. Fourth, BAG3 expression directly regulates the tumorigenicity of HCC cell lines in vivo. All in all, these results provide the first evidence supporting the pro-oncogenic and pro-metastatic function of BAG3 in HCC.
The potential of BAG3-targeting therapy for HCC has not been explored. Here, we showed that BAG3 knockdown effectively suppressed the tumor cell migration and invasion in vitro. A possible mechanism of role of BAG3 in the metastasis and invasion of HCC cells is MMP-mediated ECM degradation. [20] [21] [22] Recently, some studies have reported that 
BAG3 function in human hepatocellular carcinoma
H Xiao et al BAG3 may promote the motility and adhesion of epithelial cancer cells and interact with MMP-2 to regulate invasion of ovarian carcinoma cells. 9, 23 In the current study, we demonstrated that BAG3 knockdown resulted in a marked reduction in protein levels of MMP-2 in HCC cells in vitro, but the protein level of MMP-9 was not changed. Although some reports have demonstrated a critical role of MMP-9 in invasion, and slug might interact with MMP-9 expression to regulate invasiveness of tumor cells, 24, 25 MMP-9 expression did not correlate with slug reduction in our study. Another possible mechanism for BAG3 invasion in HCC is that EMT is involved in tumor progression. Downregulation of epithelial gene expression such as E-cadherin results in loss of cell adhesion and polarity, while upregulation of mesenchymal gene expression (N-cadherin, vimentin, and slug) enhances cell motility and invasion. 26, 30 Our study demonstrates that BAG3 knockdown reverses EMT by increasing E-cadherin expression and decreasing N-cadherin, vimentin, and slug expression in vitro and in vivo. It has been reported that slug is one of the transcriptional suppressors of E-cadherin, and downregulation of slug results in upregulation of E-cadherin. [25] [26] [27] [28] [29] [30] [31] [32] Slug is one of the potential predictive biomarkers for identifying patients with lymph-node metastasis in colorectal cancer. 33 Moreover, BAG3 expression levels were significantly higher in HCC with portal vein-emboli and metastasis in our clinical analysis, and upregulation of slug in tissue in conjunction with an increase in BAG3 could reflect that cross-talk between BAG3 and EMT occurs in human HCC. Combined with no evident correlation between E-cadherin, N-cadherin, or vimentin with BAG3 in clinical HCC samples, it is likely that BAG3-induced metastasis is independent of slug expression.
In our study, BAG3 knockdown effectively suppressed the tumorigenicity of HCC cell lines in vivo. This finding is in accordance with previous studies in glioblastoma and thyroid carcinoma. 10, 34 A potential mechanism is that BAG3 knockdown may decrease the tumor neovascularization that supplies the tumor cells with nutrients, 12 thereby inhibiting the tumorigenicity and metastasis of HCC cell lines in vivo. In the current study, we measured CD34 and VEGF expression in vivo. We found that CD34 and VEGF were decreased in BAG3 knockdown-injected tumors. In this study, we observed a role for HIF-1a in BAG3-regulated VEGF and MMP2 expression which was consistent with previous reports that HIF-1a promotes VEGF and MMP2 expression, enhancing angiogenesis and metastasis of HCC. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Moreover, BAG3 regulated angiogenesis of HCC cells through ERK phosphorylation, in accordance with previous studies. 12 Earlier work showed that autophagy-related genes could downregulate angiogenesis; 18, 19 however, in our study, knockdown of BAG3 could downregulate the autophagy process. According to these data, a possible molecular In conclusion, we demonstrated that BAG3 knockdown is associated with the invasiveness of HCC cells, potentially by inhibiting EMT and angiogenesis. BAG3 knockdown also effectively suppressed the tumorigenicity of HCC cell lines. We suggest that control of invasion and metastasis through inhibition of BAG3 gene may contribute to a novel therapeutic approach against HCC. BAG3 function in human hepatocellular carcinoma H Xiao et al
